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ABSTRACT

Neodymium and Er;Ni powders were produced and
examined as possible candidates for use as regenerator
matrices in the regenerative heat exchanger of the
Gifford-McMahon cycle refrigerator. In the case of
EriNi, crushed powders were brittle and angular in
shape, molten salt precduced spheres were heavily
oxidized, and gas atomized powder had a low yield (3 %)
and a large fraction of hollow particles. Neodymium
powder, which was produced by the rotating eiectrode
method. was smooih and spherical in shape and had a high
vield (15 %) of solid particles.

ADMINISTRATIVE INFORMATION

This report is submitted in fulfillment of Milestone 1,
Task 1, of the Supeconducting Propulsion Project (RH21E46) of the
Surface Ship Technology Block Program (ND1A/PEQO62121N}). The work was
sponsored by the Office of Naval Technology (ONT 211) and performed by

the David Taylor Research Center (DTRC 2812 and 2712).

INTRODUCTION

The Gifford-McMahon (GM) refrigeration cycle can be used to meet
the needs of many systems that require cryogenic cooling. The GM
cyvcle makes use of the regenerative heat exchanger. A crucial
component of the regenerative heat exchanger is the regenerative

matrix. The function of the regenerative matrix is depicted in




Figure 1. A typical regenerative matrix consists of lead shot

measuring approximately 0.23 mm (0.009 inch) in diameter.

The heat capacity of the regenerative matrix is an indicator of
its performance. A plct of heat capacity versus temperature for lead
is shown in Figure 2!, In the case of lead, the drop-off in the heat
capacity below 12 K is a significant factor that limits its effective
cooling to 10 K. The heat capacities of the candidate regenerative
matrices, neodymium? (Nd) and erbium-3-nickel? (ErisNi), are shown in
Figure 2. Both show a favorable heat capacity spike at approximately
6 K and both retain some heat capacity to 4 K. This feature makes
them an attractive alternative to lead in the temperature range of

4 to 10 K.

Making powders of Nd and Er3;Ni is not a trivial process. Both
are highly reactive with oxygen which makes them difficult to produce
as quality powders. Furthermcre, the Er;Ni is extremely brittle and
there is some concern that the long term operation in the regenerative
heat exchanger of a GM cycle can break the powder down into very fine
particles. These fine particles can escape from the regenerative heat
exchanger and adversely affect other GM cocoler components (e.g. the

displacer, seals, and valves).

The purpose of this study is to evaluate the quality of various

sources of EriNi and Nd powders. This is being done because of the




above mentioned features in the heat capacity of these two materials
and because regenerative matrices made with powdered Er;Ni have been
reported3 4,5 to improve the performance of the GM cycle. However,
the work with Er3;Ni has provided very little information on how the
powders were produced, on the process vields or on the quality. In
addition to addressing these issues, we have studied the performance
of these powders in & GM cooler. Those results have been reporteds

separately.

EXPERIMENTAL PROCEDURE

EraNi

Commercial sources were used to obtain Ers;Ni in the form of
crushed powder and molten salt bath produced spheres. In additiorn,
the Gaithersburg branch of the National Institute of Standards and
Technology (NIST) produced spherical powders of Eri;Ni using an inert

gas atomization process. The crushed powder is made by breaking up a

solid bar of Eri;Ni until powders that will pass a 0.25 mm (0.010 inch)

sieve are produced. The molten salt bath involves melting a supply of

ErsNi nuggets and allowing the molten particles to slowly settle and
drift in a column of molten salti. Inert gas atomization involves
evacuating a large cylindrical chamber -- 1.6 m (46 inch) inside
diameter by 2.1 m (9 feet tall) -- and then backfilling to one

atmosphere of argon. At the top is a melt chamber with an induction




melting crucible supported on a stainless steel separating plate. A
stopper rod is used to contain the liquid metal in the crucible. When
the stopper rod is raised the molten metal flows through a ceramic
delivery tube. The liquid forms a sheet at the nozzle tip which is
sheared by the atomizing gas into first ligaments, then dumbbells and
finally droplets. The droplets fall in the main chamber and solidify
into spherical powders which are collected at the base in a cyclone

separator.

NEODYMIUM

A commercial =ource was used to obtain Nd in the form of
spherical powders by the method of rotating plasma electrode (RPE).
For this procedure, a bar of Nd, 6.35 cm (2.5 inches) in diameter and
25.4 cm (10 inches) long, is machined from a commercially supplied
ingot of Nd. The bar is rotated along its long axis at high speed in
a chamber filled with argon. An electrode is brought close to the end
of the Nd bar and an electrical arc is struck. The combination of the
heating and the rotational forces causes molten particles of Nd to be

spun off and to solidify into spherical powders.

(An attempt has not been made to make Eri;Ni by the RPE method.
ErsNi is very brittle and would be difficult to machine with the

dimensional tolerances needed for the electrode in the RPE method.)




EXAMINATION

Optical and electron microscopy were utilized to examine the
condition of the powders. The powders were embedded in epoxy and then
in bakelite for polishing to a flat surface. This allowed the
interior of the particles to be examined for voids and allowed for the
use of the electron microprobe to study the composition and
microstructure of the powders. The scanning electron microscope was
used to study the surface topography of the powders and to measure

their size.

RESULTS

EriNi

Scanning electron and electron microprobe examinatiorn showed the
crushed powder to be very angular in shape (Figure 3) and the molten
salt powder to be coated with a heavy ox.de layer (Figure 4). Neither
features are considered desirable in a good regenerator matrix. The
spray atomized powder was spherical and was free of a heavy oxide, but
the insides of many of the spheres were hollow (Figure 5). An x-ray
diffraction analysis of this powder showed it to be predominately

Er3Ni with a minor amount of Er.:0;.




For rhe following reasons, hollow spheres are not preferred for
use in a regenerator matrix. A powder size of 0.23 mm (0.009 inch)
diameter is considered optimum for a regenerator matrix in a
regenerative heat exchanger. During each cvcle the regeneracor matrix
must alternately transfer heat to and from the helium that is
compressed and expanded in the GM cooling cycle. 1If the powder
particles in the regenerator matrix are too small or too large, che
particle mass is not being used effectively. Likewise, if the
particles are hollow, the mass needed to optimize the heat flow during

each cyvcle 1s no longer present.

The inert gas atomized powder had a low yield (approximately 3 %)
in the size range of 0.12 to 0.25 mm (0.005 to 0.010 inch). Most of
the particles are much smaller than this. As current'y designed, the
NIST gas atomizer favors the production of finely size particles.
However, it can be modified to produce & higher yield of larger

particles. Such a modification is being planned.

NEODYMIUM

The Nd powder was visually bright and shiny and could be handled
in room air for brief periods without violent or ~xcessive oxidation.
Scanning electron microscope examination showed the Nd powder to be
very smooth in surface texture and to have a high proportion of
spherical particles (Figure 6). Electron microprobe examination

showed that the particies did not have an excessively thick oxide




layer and were solid throughout their cross-section. The vield
(approximately 15 %) was acceptable in the size range 0.12 to 0.25 mm
{0.305 to 0.010 inch). Since this vield was o“tained on the first
run, we believe that continuing efforts will further improve the

vield.

CONCLUSTION

1. Spherical Nd powder in the size range of 0.12 to 0.25 mm
{0.005 to 0.010 inch) can be made with high yields .approximately

15 %) by the rotating plasma electrode method.

2. Due to the combined brittle and highly reactive nature of
Erixi, only the inert gas atomization process was able to produce
spherical powder without excessive oxidation. However, more process
experimentation and system modifications are needed if the yield of
solid particles with sizes greater than 0.25 mm (0.005 inch) is to be

1nereased.
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Flg. 1. Schematic representation of the function of a regenerator matrix
in a regenerative heat exchanger.
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Fig. 2. Heat capacity versus temperature for lead, neodymium and EraNi.
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Fig. 3. ErgNi crushed powder; scanning electron micrograph.
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Fig. 4. Molten salt bath produced Er;Ni; scanning electron micrograph.
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a. Scanning electron micrograph.

b. Optical microscope image of cross-sectioned powder.

Fig. 5. Micrographs of spray atomized ErsNi.
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b. Optical microscope image of cross-sectioned powder.

Flg. 6. Micrographs of neodymium powder produced by the rotating
plasma electrode method.

1l




REFERENCES

Corruccini, R. J. and J. J. Gniewek, Specific Heat and Enthalpies

of Technical Solids at Low Temperatures', NBS Monograph 21, (1960).

Zimm, C. B., P. M. Ratzmann, J. A. Barclay, G. F. Green, and J. N.

Chafe, "The Magnetocaloric Effect in Neodymium, Advances in

Cryogenic Engineering, Materials, Vol 36A, Plenum Press, New York,

1980.

Sahashi, M., Y. Tokai, T. Kuriyama, H. Nakagome, R. Li, M. Ogawa,
and T. Hashimoto, "New Magnetic Material R;T System with Extremely

Large Heat Capacities Used as a Heat Regenerator", Advances in

Cryogenic Engineering, Vol 35B, Plenum Press, New York, 1989.

Kuriyama, T., R. Hakamada, H. Nakagome, Y. Tokai, and Y. Sahashi,
"High Efficient Two-Stage GM Refrigerator with Magnetic Material in

the Liquid Helium Temperature Region”, Advances in Cryogenic

Engineering, Vol. 35, Ed. R.W. Fast, Plenum Press, New York, 1989.

Nakagome, H., R. Hakamada, M. Takahashi, and T. Kuriyama, "Highly
Efficient 4 K Refrigerator (GM Refrigerator with JT Circuit) Using

Er3Ni Regenerator”, Proceedings of the International Crvocooler

Conference, 1990.

13




6. Chafe, J. N., G. Green, and P. Gifford, "The Low Temperature
Performance of a Three Stage Gifford-McMahon Cryocooler”,

Proceedings of ICMC/CEC Conference, Huntsville, Alabama, June 1991.

14




Copies

1 ONT Code 211

12 DTIC

INITIAL DISTRIBUTION

{Gagorik)

CENTER DISTRIBUTION

Copies

15

Code

2712

28

2801

2801

2802

2803

2809

281

2812

2812

2813

2814

2815

283

284

5211.1

522.1

Name

Superczynski
Wacker
Crisci
Ventriglio
Morton
Cavallaro

Malec

Aprigliano

TIC (C)
TIC (A)
Office

Services




REPORT DOCUMENTATION PAGE OB Y o 0188

Pubic reporting burden for this codection of inforrmation ks estimated 1 average | hour pec response, inckuding the ame for reviewing Insructons. searching exdsting data sources, gathedng and
maintaining the data ded, ard campleting and reviewing the coflection of infor P‘;«umwmj@Nswdonosmlcuvryahanspx!ofmoohcﬂonolhbmuﬂon,
Induding suggestons or reducing this burden. 1o Washington Headquarters Services. Directorate for information Operatons and Reports. 1215 Jeflerson Davis Highway. Sulte 1204, Adfingon,
VA 22202-4302. and 0 the Ofice of Management and Budget. Paperwork Reduction Project (0704-0188), Washington, OC 20503.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED

Aug 1991 Final
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

DEVELOPMENT OF NEODYMIUOM AND EriNi REGENERATOR MATERIALS

Wu-1-2710-101-30

6. AUTHOR(S)
ouis F. Aprigliano, Goeffrey Green, James Chafe,
isa O'Connor, Frank Biancanellc*, and Steve Ridder*

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
_ REPORT NUMBER
avid Taylor Research Center
ode 2812
ethesda, MD' 20084-5000 SME-91-50
9. SPONSORING /MONITORING AGENCY NAME(S) AND ADORESS(ES) 10. SPONSORING /MONITOR |N§
Dffice of Naval Technology AGENCY REPORT NUMBER,
Code 21

ﬁoston Tower 1, 800 Quincy Street
ashington, DC 22217

11. SUPPLEMENTARY NOTES

%On staff of National Institute of Standards and Technology, Gaithersburg, Maryland.

12a. DISTRIBUTION /AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
PROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED.

13. ABSTRACT (Maximum 200 words)

Neodymium and Er3Ni powders were produced and examined as possible candidates for use
fis regenerator matrices in the regenerative heat exchanger of the Gifford-McMahon cycle
pefrigerator. In the case of Er,Ni, crushed powders were brittle and angular in shape,
molten salt produced spheres were heavily oxidized, and gas atomized powder had a low
yield (3%) and a large fraction of hollow particles. Neodymium powder, which was
broduced by the rotating electrode method, was smooth and spherical in shape and had

h high yield (15%) of solid particles.

14. SUBJECT TERMS 15. NUMBER OF PAGES
15
RARE, EARTH POWDERS, NEODYMiUM, ERBIUM, CYROCOOLERS e PASE CODE
17. SECURITY GLASSIFICATION | 18, SECURITY CLASSIFICATION ]19. SECURITY CLASSIFICATION | 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABS
INCLASSIFIED UNCLASSIFIED N AT
NN 7640.01.280-8500 Standard Form 298 (Rav 2-89)

e




